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Antimicrobial resistance (AMR) is recognized as one of the most critical threats 
to public health world-wide. Surface waters are demonstrated AMR reservoirs and 
key integrators across human, animal, and natural environments and thus provide 
a valuable matrix for monitoring efforts. Understanding the presence of 
pathogens and antimicrobial resistance (AMR) determinants in surface waters 
helps to inform risks across a wide range of applications and provides an 
integrative approach to public health. The National Antimicrobial Resistance 
Monitoring System (NARMS) is investigating surface waters as a potential 
environmental modality for One Health AMR monitoring. Sampling by various land 
use categories defined by the United States Geological Survey (USGS) provide a 
methodology by which to examine AMR in water by anthropogenic impact.

The purpose of this study was to describe AMR, associated microbiomes, and 
specific pathogens of importance across Maryland surface waters defined as low 
and high human impact using metagenomic and quasimetagenomicnext-
generation sequencing (qmNGS) data.

Introduction

Currently NARMS monitors a subset of genes conferring resistance to CIAs in Escherichia, Salmonella, Campylobacterand Enterococcusprimarily isolated from human, food-producing animals, raw retail meats, and feed environments. NARMS 
seafood monitoring also tracks resistance in Aeromonasand Vibriospecies. For NARMS, critically important determinants for monitoring efforts include genes conferring resistance to aminoglycosides, quinolones, ß-lactams, colistin, macrolides 
and ketolides, oxazolidinones, penicillins. Thirty-ǘƘǊŜŜ ΨŎǊƛǘƛŎŀƭƭȅ ƛƳǇƻǊǘŀƴǘΩ ŀƴǘƛƳƛŎǊƻōƛŀƭ ǊŜǎƛǎǘŀƴŎŜ ƎŜƴŜǎ ό!wDǎύ ŦǊƻƳ ǘƘŜ bŀǘƛƻƴŀƭ !ƴǘƛƳƛŎǊƻōƛŀƭ wŜǎƛǎǘŀƴŎŜ aƻƴƛǘƻǊƛƴƎ System list) were identified by qmNGSdata in 86% (26/30) of sampling sites. 
¢ƘŜǎŜ ōŜƭƻƴƎŜŘ ǘƻΥ /ƻƭƛǎǘƛƴ όмύΣ aŀŎǊƻƭƛŘŜ όрύΣ ʲ-lactam (15), and Fluoroquinolone (12) classes. Metagenomic sequencing identified 5 critically important ARGs in 20% (6/30) of sampling sites. Dominant bacterial taxa from qmNGSsamples 
included Aeromonasspp. and Vibriospp. and Polynucleobacterand Synechococcusfor mNGSŘŀǘŀΦ  ʲ-lactam determinants were prevalent in twice as many high impact sites compared to low impact sites. 

The Dead end ultrafiltration (DEUF) method used to collect surface water from 30 sites across the State of Maryland utilizes a hemodialyzer filter which captures cells and particles in the hollow filter membrane within the ultrafilter, while 
filtrate passes through. Ultrafilter membrane separation collects particles between nano and micro (pore size range of 0.001ς0.05 ˃ Ƴ) and all manner of larger organisms and debris. The size range captured by ultrafiltration is ideal for 
examination of viruses, bacteria, fungi, and protists in water.

These data are the first of many that will be contributed by the NARMS surface water monitoring initiative to provide a valuable baseline survey of AMR across waters intersecting high and low human impact classifications for Maryland. These 
data can be used for future monitoring and evaluation and ultimately for improved stewardship of antimicrobials.

The data was deposited at NCBI using the Genomic Standards Consortium (GSC) Minimum Information about any Sequence (MIxS) compliant MIMS Environmental/Metagenome water package (version 6). The following ontologies were used 
to provide findability, accessibility, interoperability, and reusability principles to the data presented here: The Environment Ontology (ENVO), Chemical Methods Ontology (CHMO), eagle-i resource ontology (ERO) and Gazetteer (GAZ).

Conclusion

Water collection:  
Dead end ultrafiltration (DEUF) was used to collect 20 liters of water from 30 sites 
across the state of Maryland. DEUF was performed using a Hemodialyzer Rexeed
25S filters and a Geopumpperistaltic pump.

Laboratory Processing:
Backflush concentrate was used for culture independent (CI) metagenomics by 
direct DNA extraction of water filters passed through 0.2 micron filters. Nucleic 
acid extraction was conducted directly on the filters as part of the Qiagen DNeasy
PowerWaterDNA extraction protocol. Enrichment for quasimetagenomeswas 
achieved by adding BPW at a 1 to 1 ratio. After 24 H of incubation at 37°C, 2 ml 
aliquots were removed, centrifuged and DNA was extracted from the pellet using 
the Qiagen DNeasyPowerWaterDNA extraction protocol. Libraries were 
processed using the Illumina DNA Prep kit and were sequenced on a Nextseq
2000. 

Bioinformatic Processing:
Shotgun metagenomic (culture-independent) and quasimetagenomic(enriched) 
data were used with multiple annotation pipelines to provide an extensive 
description of AMR (AMRplusplus, AMRfinderplusand CARD pipelines) and 
microbiota (in-house kmerdatabase) across Maryland surface waters.

Data Reporting and Sharing:
The data presented here have been deposited at the National Center for 
Biological Information (NCBI) under the National Antimicrobial Resistance 
Monitoring System (NARMS) Water Bioproject(BioProjectPRJNA794347) with 
accession numbers SAMN33325705 through SAMN33325854 and SRA accession 
numbers SRR23684513 to SRR23684567. 

Laboratory Methods

Results

Methodology
Sample Site Selection Methodology

Figure 1.Land use categories defined by the United States Geological Survey (USGS) 
were used to select 30 sites across the State of Maryland representing high (red 
Řƻǘǎύ ŀƴŘ ƭƻǿ όōƭǳŜ Řƻǘǎύ άƘǳƳŀƴ ƛƳǇŀŎǘέ ȊƻƴŜǎΦ hǳǊ ǎŀƳǇƭƛƴƎ ŘŜǎƛƎƴ ŦƻŎǳǎŜŘ ƻƴ 
reclassifying the National Land Cover Database (NLCD 2019; 30 m resolution) as 
areas with a high intensity of agriculture, high intensity of urban impact, or high 
intensity of natural areas. Site selection and all landcover analyses were conducted 
using ArcGIS Pro 2.9.3 

Figure 2.aŀǊȅƭŀƴŘ ǿŀǎ άǘŜǎǎŜƭƭŀǘŜŘέ into 10 square kilometer hexagons to aggregate 
the data from all three datatypes. Aggregating the reclassified grid data creates 
ǎǇŀǘƛŀƭƭȅ ŜǉǳƛǾŀƭŜƴǘ ŀƴŀƭȅǘƛŎŀƭ ǳƴƛǘǎ ŀƴŘ ƛǎ ŀ ǊŜǉǳƛǊŜƳŜƴǘ ŦƻǊ άƘƻǘ ǎǇƻǘέ ŀƴŀƭȅǎƛǎΦ Iƻǘ 
spot analysis or Getis-OrdGiTest analyzes the value of each hexagon in the context of 
its neighbors with K nearest neighbor and high z-score values.

ß-lactam genes across low and high human impact

Figure 3.Critically important ß-lactams genes found in quasimetagenomicnext-
generation sequencing (qmNGS) data from the Comprehensive Antibiotic Resistance 
Database (CARD). This Maryland map is segmented by Hydrologic Unit Code 8 
(HUC8) Watersheds. The color of each segmented watershed indicates the Square 
kilometer human values used to determine anthropogenic impact.

Figure 4.Critically important antimicrobial (CIA) 
genes found in quasimetagenomicnext-generation 
sequencing (qmNGS) data from the Comprehensive 
Antibiotic Resistance Database (CARD). Facets on 
the top x-axis represent high and low human 
impact, square kilometer human values and 
numbered site locations. A. Critically important 
Colistin genes found in qmNGSdata B. Critically 
important Macrolide genes found in qmNGSdata C. 
Critically important Fluoroquinolone genes found in 
qmNGSdata D. Critically important antimicrobial 
resistance genes found in mNGS(culture 
independent) data.
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